Abstract Coagulase-negative staphylococci (CoNS) are the major cause of sepsis in extreme preterm (EPT) newborns, but data on the CoNS colonization in EPT newborns prior to invasive infection are limited. Our aim was to describe the early establishment of the CoNS microflora in EPT newborns and to compare the colonization pattern in neonates with and without positive CoNS blood cultures. From a cohort of 46 EPT neonates, newborns with positive CoNS blood culture were identified (n=10) and compared with matched
Introduction
In healthy term infants and other non-compromised individuals, coagulase-negative staphylococci (CoNS) represent commensals with low invasive potential. However, in immunocompromised patients and those with infections related to indwelling medical devices, CoNS infections constitute a significant nosocomial problem. Preterm newborns, especially extreme preterm (EPT) infants, are prone to CoNS sepsis, since they are immunologically immature, have pervious skin and mucosal barriers, and are regularly exposed to invasive procedures during neonatal intensive care [1, 2] . Although the acute mortality is low, CoNS sepsis is associated with a significant increase in acute neonatal morbidity, and most probably contributes to the development of postinflammatory sequelae such as bronchopulmonary dysplasia and cerebral palsy (CP) syndromes [3] [4] [5] .
Neonatal CoNS infections represent late-onset sepsis, with the onset of symptoms at 7-15 days postnatal age [6] . Since the persistence of single CoNS clones for several years is well documented in neonatal intensive care units (NICUs) [7] [8] [9] [10] , as is the emergence of multidrug-resistant CoNS strains (including glycopeptides) [7, 8] , there is an urgent need for epidemiologic surveillance in the NICUs and preventive/infection control strategies against neonatal invasive CoNS infections [8, 11] .
CoNS possess a unique ability to colonize the skin and mucous membranes, and newborn children become colonized by their first CoNS strains soon after birth [12] [13] [14] . In EPT newborns, most of these early-colonizing CoNS strains are acquired from the NICU environment [12, 13] . However, detailed data about the establishment of the CoNS microflora in EPT newborns, as well as the correlation between superficial and invasive isolates of CoNS, are limited. In order to elaborate better strategies for the prevention of neonatal CoNS septicemia, further insights into the colonization pattern of CoNS in EPT newborns prior to deep infection are necessary.
Methodological difficulties constitute the major reasons for our limited knowledge of the establishment and dynamics of the normal flora of the newborn. Pulsed-field gel electrophoresis (PFGE) and other conventional genetic typing methods are laborious and not applicable to the large populations of bacterial isolates found in superficial samples, whereas earlier phenotypic typing methods do not show appropriate discriminatory power [15, 16] .
Phenotypical fingerprinting based on multiple biochemical characteristics might be a useful tool for the comprehensive typing of larger numbers of CoNS isolates. One such biochemical fingerprinting assay is the PhenePlate system (PhP), which is well validated as a screening tool for the selection of related CoNS isolates [17] .
The first aim of the present study was to describe the early establishment of the CoNS microflora in EPT newborns, and the second aim was to compare the colonization patterns in bacteremic neonates with those in preterm infants without invasive CoNS infection.
Materials and methods

Patients
Preterm newborns <31 weeks gestational age, born at the delivery ward at Örebro University Hospital and admitted to the NICU between April 2004 and November 2006, were eligible for the study. Samples for bacterial cultures from nares, umbilicus, and perineum were obtained using sterile, dry cotton swabs at 24 h and on day 2, day 5-6, day 7-8, and day 14 after delivery. Samples for blood cultures were initiated when clinically indicated. For sepsis evaluation, 0.5-1 ml of blood was obtained by peripheral venous puncture or by a newly inserted vascular umbilical catheter.
During the study period, 46 newborns were consecutively enrolled. From this cohort, all newborns ≤28 days of age with blood cultures yielding CoNS and no other pathogen were retrospectively identified and selected for further evaluation. For each case, a control newborn matched for birth date (first priority) and gestational age (second priority) and with blood cultures negative for CoNS was selected from the same original study population. Data concerning invasive infections and antibiotic treatment during the first 28 days of postnatal age were collected.
Neonatal sepsis was defined as a positive blood culture in combination with ≥3 clinical signs consistent with infection and a peak C-reactive protein ≥20 mg/L within 72 h from the onset of symptoms. Patients that were transferred to another hospital or died within 28 days of age were excluded.
The NICU at Örebro University Hospital provides full neonatal intensive care, except for major neonatal surgery. Immediate postnatal rescue measurements are performed with attention to sterile techniques. All NICU staff members are instructed to use 70% alcohol gel for hand disinfection and to wear plastic gloves when handling individual patients.
Bacterial samples
Bacterial samples from superficial sites were cultured overnight on blood agar medium (4.25% Columbia II Agar [BBL, Becton Dickinson, Baltimore, MD, USA], 0.3% Agar No. 2 [Lab M Ltd., Bury, UK], and 5% bovine blood). All of the growth on the agar plates was sampled and dissolved in preservation medium (yeast extract; DIFCO Laboratories, Sparks, MD, USA) and horse serum added trypticase soy broth (TSB; BBL, Sparks MD, USA), and stored at −70°C pending further analysis.
Samples for blood cultures were immediately administered into BACTEC Peds bottles (Becton Dickinson, Franklin Lakes, NJ, USA). A non-radiometric BACTEC 9240 system was used to detect bacteria and fungi.
Minimum inhibitory concentration (MIC) determinations were performed using the Etest (AB Biodisk, Solna, Sweden).
The species of the blood isolates of CoNS were identified biochemically by the ID32 Staph system (bioMérieux, Marcy l'Etoile, France) and, in some cases, confirmed by sequencing the rpoB gene, as previously described [18] .
PhenePlate system
Bacterial samples from nares, umbilicus, and perineum were subcultured overnight at 37°C on blood agar medium. Ten CoNS colonies from each sample were randomly chosen and subsequently biochemically fingerprinted using the PhP system modified for the typing of CoNS (PhPlate AB, Stockholm, Sweden), as previously described [17] . In summary, the system consists of 96-well microtiter plates, each with four sets of 22 different reagents. Color indicators visualize changes in pH as a result of bacterial metabolization of these substrates. The absorbance value for each reaction is measured repeatedly and the mean value is calculated for each reaction. The results for different strains are compared in pairs, and the correlation coefficients are clustered using the unweighted pair grouping by mathematical averaging (UPGMA). In the present study, the absorbance was measured after 16, 40, and 64 h at 620 nm in accordance with the manufacturer's instructions, and isolates with a correlation coefficient ≥0.975 were regarded as belonging to the same PhP type [19] . All data processing, including optical readings and calculations of correlation coefficients, as well as clustering dendrograms, was performed with PhenePlate software.
PFGE
Characterization of the CoNS isolates was performed by PFGE of chromosomal SmaI digests, prepared with the GenePath group I reagent kit (Bio-Rad Laboratories, Hercules, CA, USA), and PFGE patterns were obtained with a contour-clamped homogenous electric field apparatus (GenePath System; Bio-Rad Laboratories) as previously described [9] . Differences in band patterns were processed and analyzed with Molecular Analyst Fingerprinting software (version 1.6; Bio-Rad Laboratories) using the Dice coefficient, and represented by UPGMA with 1% band tolerance and 0.5% optimization, but was finally documented by visual examination and interpreted as recommended by Tenover et al. [20] .
Ethics
The regional committee for medical research ethics approved the study, and parental informed consent was required for participation.
Statistics
The Mann-Whitney U-test and Student's unpaired t-test were used for the two-group assessments of differences in continuous variables. Fisher's exact test was used to estimate differences in proportions.
The phenotypic diversity of the CoNS isolates was calculated as Simpson's diversity index (D i ) using the PhenePlate software. A high D i indicates that the analyzed isolates are evenly distributed among the different bacterial phenotypes. The D i was calculated both for all isolates obtained from each patient and for selected isolates; specifically, only one of each set of identical isolates (with a correlation coefficient ≥0.975) found at each sampling site and point of time was included.
Results
Patients
Ten preterm newborns with blood cultures positive for CoNS (patients A-J), representing 11 episodes, were identified during the study period, and they were matched with ten controls. Two pairs of cases and controls were twins. The demographic characteristics are given in Table 1 . One patient (patient G) contributed with two episodes. Six of the 11 episodes met the criteria for CoNS sepsis.
One of the controls was diagnosed with Escherichia coli bacteremia at delivery. No positive blood cultures were found among the other nine controls.
All ten blood culture-positive newborns and six of the controls received parenteral antibiotics (Table 1) . Cefotaxime + gentamicin was administered to 14 newborns (ten cases and four controls) at one or more episodes. Vancomycin was administered to eight of the nine cases with meticillin-resistant CoNS isolates in blood cultures ( Fig. 1 ) and to one of the controls. All newborns had an umbilical arterial or venous catheter inserted soon after birth, and in four of the ten blood culture-positive patients, the umbilical catheter was still present at the time of a positive CoNS blood culture. The duration of indwelling umbilical catheters did not differ between the patients and the controls (median 5 days, range 2 days-8 days).
Consecutive CoNS colonization by location in cases and controls
Seven of the 20 investigated preterm newborns were already colonized by 1-6 different CoNS isolates at <24 h after delivery, one newborn in the umbilicus and the others in the nares or perineum. Except in one newborn, none of these initially recovered CoNS strains persisted beyond 24 h of age. Soon thereafter, however, a more persistent CoNS microflora was established. Fourteen of the 18 newborns that were sampled on day 2-3 were colonized in the nares (n=10) and/or in the umbilicus (n=5) or perineum (n=7), and in 13 of these 18 newborns ,one or more of these strains could still be recovered on day 14. On day 5-7, most newborns were colonized both in the nares (19/20) and in the umbilicus (17/20) .
The numbers of isolates eligible for further investigation varied among the included newborns, since some cultures from superficial sites (especially those sampled at the first event) yielded fewer than the ten colonies of CoNS per sample that were stipulated for PhP, and some displayed no growth of bacteria at all. From the blood culture-positive group of newborns, a median of 105 isolates per case (range 62 0.88, standard deviation [SD] 0.062) was significantly higher than for the controls (mean 0.79, SD 0.012, p= 0.04) when all isolates for each individual newborn were included in the analysis (n=1,896 isolates). Also, the D 1 for the group of cases representing sepsis (mean 0.88, SD 0.047, n=6) tended to be higher compared to the sepsis controls (mean 0.78, SD 0.129); however, that difference was not statistically significant (p=0.125). When only one isolate representing the same site and the same point of time for isolation within the same phenotypic cluster was selected for further assessment (n=674 isolates in 20 infants), there were no significant differences in D i or in the numbers of phenotypic clusters and single isolates between the two groups of newborns (Table 2 ).
Blood cultures
Fifteen blood isolates of CoNS representing 11 episodes were recovered from patients A-J. Four patients each contributed two isolates from the same blood culture. One sepsis isolate (patient G, episode 1) could not be recultivated. Of the remaining 14 CoNS isolates, 11 were identified as Staphylococcus epidermidis, one as S. lugdunensis, and two as S. capitis. All but two of the blood isolates were meticillin-resistant, and all isolates were sensitive to vancomycin ( Table 3) . The blood isolates were compared according to phenotype (PhP) and were also characterized genotypically (PFGE), as illustrated in Fig. 3 . Some differences were found between the phenotypic and genotypic results, reflecting the different properties of the two methods. The majority of the S. epidermidis strains appeared in two clusters phenotypically, though with a correlation coefficient not reaching ≥0.975. Three pairs of CoNS strains were genetically closely related according to the PFGE patterns. The species S. lugdunensis and S. capitis differed both phenotypically and genotypically from the S. epidermidis (Fig. 3) .
Superficial colonization of CoNS in relation to invasiveness and antibiotic treatment
The invasive blood isolates were prevalent among the colonizing flora in the neonates prior to positive blood cultures. In 11/14 of the blood isolates, skin or mucosal isolates belonging to the same phenotypic cluster were also found on superficial sites of the same patient, and the colonization rate did not differ between nares (n=6 strains), perineum (n=6 strains), and umbilicus (n=4 strains). In addition, the PFGE patterns were indistinguishable in all Fig. 1 . In the majority of the patients, isolates belonging to the same phenotypic cluster as the blood isolates still persisted on superficial sites after antibiotic treatment (9/14 isolates, Fig. 1) .
Some of the CoNS blood strains were also prevalent among the superficial CoNS microflora in the blood culturenegative controls. For example, superficial isolates clustering together with the blood isolates 06B-861, 06B-105, and 06B-080 were found in at least half of the control patients.
CoNS colonization following Caesarean section or vaginal delivery
Delivery mode was not associated with any differences in CoNS colonization. Seventy percent of the included newborns were delivered by acute Caesarean section (CS); of these, 7/14 infants were colonized by CoNS at 24 h postnatal age compared to 1/6 of the vaginally delivered newborns (p= 0.32). CoNS strains that still persisted on day 14 were recovered on day 2-3 in 9/12 newborns delivered by CS and in 4/6 delivered vaginally (p=0.99). Six newborns (five in the CS group and one vaginally delivered) were born after preterm rupture of the membranes. The CoNS colonization patterns in these six newborns were similar to those in all of the other newborns (data not shown).
Discussion
In the present study, we found phenotyping by biochemical fingerprinting (PhP) to be a useful tool for the screening of related isolates among a vast number of CoNS isolates. This made it possible to investigate the establishment of the colonizing CoNS microflora in EPT newborns with a higher discriminatory power than most earlier methods could offer [15, 16] . In two-thirds of the investigated preterm newborns, colonizing CoNS strains that persisted during the first postnatal weeks were already retrieved on postnatal day 2-3. These findings are in contrast to earlier reports in which the early CoNS microflora was found to be transient and characterized by a considerable day-to-day variation [12] [13] [14] 21] . However, data regarding CoNS colonization in preterm newborns are limited, and most studies were conducted in the early 1990s. Since then, neonatal intensive care has dramatically changed; early enteral feeding, decreased incidence of severe respiratory distress, and consistent education of all NICU staff members in hand disinfection are examples of achievements that most probably affect the CoNS microflora in NICU-treated newborns nowadays.
In comparison to infants with negative CoNS cultures, blood culture-positive newborns showed a higher number of CoNS isolates on colonizing sites as well as a tendency to be colonized earlier after delivery. This might reflect increased transmission of CoNS strains from NICU staff
S. capitis R R S members as a result of more frequent and more acute handling of the sicker newborns, who are at greater risk for later acquiring CoNS bacteremia. The majority of the blood strains were prevalent in the superficial microflora on several sites before being retrieved from the blood, but no single predominating invasive pathway could be identified. This indicates that several loci may serve as the entry in cases of neonatal CoNS bacteremia. We found indications for earlier CoNS colonization in the nares than in the perineum or in the umbilicus, and 80% of the cases were colonized in the nares prior to, or at the same time as, the acquisition of positive CoNS blood cultures. Relatively stable CoNS reservoirs in the nares and feces of preterm newborns have been reported previously [13] . In adult immunocompromised patients, the possibility of mucosal colonization as an entry for invasive CoNS infections has been reviewed by Costa et al. [22] . Mucosal barriers in preterm newborns are generally penetrable, but the epithelium of the upper respiratory tract is, in addition, regularly traumatized by the insertion of gastric sounds, continuous positive airway pressure (CPAP) adapters, air jet beams, and nasotracheal tubes, as well as by airway suction procedures. The numbers of patients in the present study are too small to draw any firm conclusions, but it may be worth considering that CoNS bacteremia in newborns might be associated with various invasive entries. Most investigations of pathogenic mechanisms in CoNS infections so far have focused on bacterial interactions with fibrinogen-coated polystyrene surfaces, for example, the bacterial formation of biofilm or the expression of adhesion molecules, as well as other factors of importance in infections associated with indwelling medical devices [23, 24] . These pathogenic mechanisms are probably important in the pathogenesis of neonatal infections, but no specific Fig. 3 Phenotypic and genotypic characteristics of CoNS blood isolates (n=14) from preterm newborns (n=10). The upper clustering dendrogram describes the phenotypic relationship between the bacterial isolates based on the PhP characteristics. The lower dendrogram describes the genotypic characteristics of the same isolates based on pulsed-field gel electrophoresis (PFGE) as visualized on the corresponding agarose gel virulence factors that discriminate between invasive and colonizing neonatal CoNS isolates have been identified [7, 25, 26] . In EPT newborns, bacterial interactions with skin and mucosal membranes might be as important as the colonization of umbilical catheters, and, hence, a broad approach is necessary when investigating the pathogenesis in neonatal CoNS infections.
We did not find any differences in CoNS colonization patterns associated with delivery mode or preterm rupture of the membranes, and, thus, no indications of maternal transferral of persisting or invasive CoNS strains, which is in accordance with earlier reports [12, 13] . It is well documented that EPT newborns in the NICU environment are predominantly colonized by nosocomial strains of CoNS, and that these strains may persist in the NICU for years, which emphasizes the concern of nosocomial spread of multiresistant bacterial strains in the neonatal wards [7, 8, 11] .
In the present study, CoNS strains phenotypically indistinguishable from CoNS blood strains persisted on superficial sites after treatment with relevant antibiotics, and several of the invasive CoNS strains were also prevalent in the colonizing microflora in the blood culture-negative newborns. This might indicate the presence of bacterial virulence factors that increase the ability of nosocomial CoNS strains to colonize and persist on the skin and mucous membranes.
In one of the patients, the blood culture yielded both a strain of S. epidermidis and an isolate of S. lugdunensis. Except for one case report [27] , S. lugdunensis is not known to cause neonatal bacteremia, though this species appears to be more virulent than most other CoNS species [28] . It was not possible to determine if this finding of S. lugdunensis represents true sepsis or a contaminant transferred by the NICU staff. However, S. lugdunensis was not found in any of the superficial skin cultures from any of the newborns.
Since PhP reveals phenotypic and PFGE genotypic polymorphism, it is not reasonable to expect a 100% concordance between these two typing methods. In an earlier study, we evaluated PhP for the long-term characterization of CoNS blood isolates and found the method to be less discriminatory than PFGE [9] . In the present study, multiple CoNS isolates that were retrieved from each single individual during a limited time period were compared. For this type of investigation, PhP has shown a satisfactory capacity for the identification of phenotypically related CoNS isolates [17] , but for long-term surveillance, robust genetic typing methods that could be carried out on large bacterial populations are warranted.
In summary, we report the early acquisition of nosocomial CoNS strains in the colonizing microflora of preterm newborns and note that these bacterial strains are able to persist regardless of antibiotic treatment. The invasive pathways in neonatal CoNS bacteremia are probably complex, and this should be taken into consideration in studies both of bacterial virulence factors and of when to carry out preventive strategies against invasive CoNS infections in preterm newborns.
